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The hitherto unconstrained lepton flavor mixing, induced by the new charged scalar
φ± and φ±± predicted by many new physics models such as Higgs triplet models, may
lead to the lepton flavor violating productions of τ µ¯, τ e¯ and µe¯ in photon-photon
collision at the proposed international linear collider (ILC).
In this paper, we consider the contributions of the φ± and φ±± in the context of
the Higgs triplet models to the processes γγ → li l¯j (i, j = e, µ, τ, i 6= j) and find
that they can be good channels to probe these new physics models. The lepton flavor
violating processes γγ → lil¯j (i, j = e, µ, τ, i 6= j) occur at a high rate due to
the large mixing angle and the large flavor changing coupling, so, in view of the low
standard model backgrounds, they may reach the detectable level of the ILC for a
large part of the parameter space. Since the rates predicted by the standard model
are far below the detectable level, these processes may serve as a sensitive probe for
such new physics models.
Keywords: new charged scalar φ± and φ±±, lepton flavor violating processes,
photon-photon collision, Higgs triplet model
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2I. INTRODUCTION
Lepton flavor violating (LFV) interactions are missing in the Standard Model (SM), so
any observation of the LFV processes would serve as a robust evidence for new physics
beyond the SM.
Many kinds of models beyond the SM, such as the Higgs triplet models (HTM) [1, 2]
predict the presence of charged scalars φ± and φ±±. Such triplet Higgs fields can induce
LFV processes at the proposed international linear collider (ILC)[3], such as the productions
of τµ¯, τ e¯ and µe¯ via e+e−, e−γ and γγ collisions. It is noticeable that the productions of τµ¯,
τ e¯ and µe¯ in γγ collision have not been studied in this scenario. It is also noticeable that all
these LFV processes at the ILC involve the same part of the parameter space of such new
physics models. Therefore, it is necessary to compare all these processes to find out which
process is the best to probe these models.
Due to its rather clean environment, the ILC will be an ideal machine to probe new
physics. The LIC is a proposed future e+e− collider, designed to fill e+e− collisions at
energies from 0.5 to 1 TeV, with the possibility to update to 3 TeV, which is actually
designed to be compact linear collider(CILC)[4].
In addition to e+e− collision, we can also realize γγ collision[5] in such a collider with
the photon beams generated by the backward Compton scattering of incident electron- and
laser-beams.
The LFV productions in γγ collision may be more important than those in e+e− collision.
Firstly, e+e− → ℓiℓ¯j can be generated by means of the photon s-channel like e+e− → γ∗ →
ℓiℓ¯j , with S
±± and/orH± running inside the loop, which is at the same order as cross section
of the γγ → ℓiℓ¯j . However, the e+e− production is expected to be sub-dominant with respect
to the production from γγ collision since the latter gets the usual logarithmic enhancements
induced by the phase space integration of the u- and t-channels. More importantly, compared
with the collision in the e+e−, the lepton flavor violating productions at the γγ collision are
essentially free of any SM irreducible background. So the LFV productions in the γγ collision
are a good probe for new physics models.
In this work, we will study the LFV processes γγ → ℓiℓ¯j ( ℓi = e, µ τ and i 6= j) which
is induced by the the new charged scalars φ± and φ±± in HTM models. We calculate the
production rates to figure out if they can reach the sensitivity of the photon-photon collision
3of the ILC within the allowed parameter space of this scenario.
The work is organized as follows. We will briefly discuss the HTM models in Section
II and III, giving the involved new couplings and the parameters in our calculation. In
Section IV we give the calculation results in the HTM models and compare them with other
models, such as the supersymmetry, the little Higgs and technicolor models. Section V is
our conclusion.
II. THE HIGGS TRIPLET MODELS AND THE RELEVANT COUPLINGS
Many new physics scenarios predict new particles which lead to significant LFV signals.
For example, the charged scalars φ± and φ±±, which are predicted by various specific models
beyond the SM, can lead to the large tree-level lepton flavor changing couplings. Such
couplings can have significant contributions to the realization of some LFV processes.
In the Higgs triplet model (HTM) [1, 2] an extra SU(2)L isospin scalar triplet is added
to the SM state spectrum. The neutrinos can directly obtain a majorana mass from the
triplet through the gauge invariant Yukawa interaction, in the absence of the right-handed
neutrinos. The Yukawa interactions can be written as [6]:
L = hijψTiLCiτ2∆ψjL + h.c , (1)
where the coupling hij(i, j = 1, 2, 3) is complex and symmetric. C and τ2 denote the Dirac
charge conjugation operator and the second Pauli matrix, respectively. ψiL = (νi, li)
T
L is
the left-handed lepton doublet. ∆ is a new complex triplet fields of Y = 2 with a 2 × 2
representation:
∆ =

 ∆+/
√
2 ∆++
∆0 −∆+/√2

 (2)
The non-zero vacuum expectation value (VEV) 〈∆0〉 of the triplet fields ∆, results in the
following neutrino mass matrix:
mij = 2hij〈∆0〉 =
√
2hijv∆ (3)
The necessary non-zero v∆ is generated by the minimization of the most general SU(2)⊗
U(1)Y invariant Higgs potential, which can be written as follows [7, 8] (with Φ = (φ
+, φ0)T ):
V = m2(Φ†Φ) + λ1(Φ
†Φ)2 +M2Tr(∆†∆) + λ2[Tr(∆
†∆)]2 + λ3Det(∆
†∆)
4+λ4(Φ
†Φ)Tr(∆†∆) + λ5(Φ
†τiΦ)Tr(∆
†τi∆) +
(
1√
2
µ(ΦT iτ2∆
†Φ) + h.c
)
(4)
For small v∆/v, the expression for v∆ resulting from the minimization of V is:
v∆ ≃ µv
2
2M2 + (λ4 + λ5)v2
. (5)
The possibility of the observations of various lepton flavor violating processes induced by
the triplet Higgs bosons can provide a probe for the neutrino masses and mixing through
the relation (3), and thus a direct test of the model.
In the HTM models, there are seven Higgs bosons (H++, H−−, H+, H−, H0, A0, h0) [6].
The doubly charged H±± can be identified with a component of the triplet scalar field ∆±±.
The remaining eigenstates H±, H0, A0, h0 are the mixtures of the triplet and doublet fields
and such mixing is proportional to the triplet VEV and thus small. The triplet fields are
the main component of H±, H0, A0 while h0 is predominantly made up by the doublet field
and act as the SM Higgs boson. For triplet Higgs bosons masses M < 1 TeV, the couplings
hij are constrained to be hij ≤ 1 or even much smaller than 1 by the lepton flavor violating
processes such as µ→ eγ, τ → e(µ)γ, µ→ eee, and τ → lll etc[6, 8, 10, 11].
III. THE PROCESSES AND THE PARAMETERS INVOLVED
The Feynman diagrams of the LFV processes γγ → ℓiℓj (i 6= j and ℓi = e, µ, τ) induced
by the charged scalars φ±± and φ± are shown in Figure 1. There are s-, t- and u- channel
contributions in total with the u-channel not shown in Figure 1.
The gauge invariant amplitude of γγ → τµ¯(e¯) induced by the scalars is given by
M = 1
2
u¯τΓ
µνPLvµ ǫµ(λ1)ǫν(λ2) . (6)
Explicit form of the tensor Γµν is determined by detailed couplings which we do not shown
here but has been checked many times in the program. These amplitudes contain the
Passarino-Veltman one-loop functions, which are calculated by LoopTools [12].
For γγ collision, where the photon beams are generated by the backward Compton scat-
tering of incident electron- and laser-beams just before the interaction point, through con-
voluting the cross section of γγ with the photon beam luminosity distribution, the events
number can be written as:
Nγγ→ℓi ℓ¯j =
∫
d
√
sγγ
dLγγ
d
√
sγγ
σˆγγ→ℓiℓ¯j (sγγ) ≡ Le+e−σγγ→ℓi ℓ¯j (s) , (7)
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Figure 1: Feynman diagrams contributing to the process γγ → ℓiℓj .
where dLγγ/d
√
sγγ denotes as the photon-beam luminosity distribution; σγγ→ℓi ℓ¯j(see), where
see is the squared center-of-mass energy of e
+e− collision, is the effective cross section of
γγ → ℓiℓ¯j and in the optimum case it can be written as [13]
σγγ→ℓiℓ¯j (s) =
∫ xmax
√
a
2zdzσˆγγ→ℓi ℓ¯j(sγγ = z
2s)
∫ xmax
z2/xmax
dx
x
Fγ/e(x)Fγ/e(
z2
x
) . (8)
Here Fγ/e is the energy spectrum of the back-scattered photon for the unpolarized initial
electron and laser photon beams, which can be written as
Fγ/e(x) =
1
D(ξ)
[
1− x+ 1
1− x −
4x
ξ(1− x) +
4x2
ξ2(1− x)2
]
(9)
with
D(ξ) = (1− 4
ξ
− 8
ξ2
) ln(1 + ξ) +
1
2
+
8
ξ
− 1
2(1 + ξ)2
. (10)
The definitions of parameters ξ and xmax can be found in Ref.[13] and we choose ξ = 4.8
and xmax = 0.83 in the numerical calculation.
6As for the SM parameters involved, we take [14]
mµ = 0.106 GeV, mτ = 1.777 GeV, me = 0.511 MeV, α = 1/128.8, sin
2 θW = 0.223.
As the neutrino masses are quite small, the triplet VEV v∆ which is responsible for
neutrino masses should also be small. Small triplet VEVS are possible and could even be
natural [6] by adjusting various parameters in the most general form of the Higgs potential.
There are two possible realization, firstly, authors of Ref. [15] point out that the lepton
number is explicitly violated at very low energy scale MS, which will result in a tiny v∆.
Secondly, even if the energy scale MS is not so tiny, i.e, MS ∼ v (v = 246 GeV ) v∆ can be
naturally small, which is denoted as a "type II seesaw mechanism" [6]. In our work, we will
choose the VEV of the triplet v∆ at the order of the typical neutrino mass upper limit, i.e,
v∆ ∼ 1 eV.
For the charged Higgs masses, the constraints are quite loose. Rough estimation can
be obtained by the fact that the Higgs bosons that compose ∆ will obtain masses at the
electroweak scale [6, 9, 15, 16], with a neutral CP-even Higgs bosons playing the role of the
standard Higgs with a mass at about 125GeV [17, 18]. So we take the masses of the scalars
other than the standard Higgs boson to lie in the range of a few of hundred GeV. We assume
the masses degenerate unless with otherwise statement, i.e, mφ±± = mφ± = mφ.
Limits on the scalar mass mφ can also be obtained by studying its effects on various
lepton flavor violating (LFV) constraints[6, 10, 19]. It is too weak and does not conflict with
the assumption that the scalar masses mφ are in the order of hundred GeV. We assume that
the scalar mass mφ is less than 1 TeV. To investigate the dependence of the cross sections
on it, three classical values: mφ = 200, 500, 1000 GeV are taken in our calculations.
The Maki-Nakagawa-Sakata (MNS) matrix VMNS diagonalize the neutrino mass matrix
mass can be written as [19, 20] :
V
MNS
=


c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 , (11)
Here sij ≡ sin θij and cij ≡ cos θij ; δ denotes the CP-phase. For majorana neutrinos, two
additional phases should be added and then the mixing matrix V is changed into
V = VMNS × diag(1, eiφ1/2, eiφ2/2), (12)
7where the discussions of the majorana phases φ1 and φ2 can be found in Ref. [1, 19, 21].
In the HTM the triplet Yukawa coupling hij is directly connected to the neutrino mass
matrix (mij), just as shown in Eq. (3), which is the phenomenologically attractive feature
of this model. Actually, the Eq. (3) can be rewritten in the basis of the three diagonal Dirac
neutrino masses by the MNS (Maki-Nakagawa-Sakata) matrix VMNS [6, 20],
hij =
mij√
2v∆
=
1√
2v∆
[
VMNSdiag(m1, m2e
iφ1 , m3e
iφ2)V TMNS
]
ij
(13)
By expanding Eq. (13), the explicit expressions of hij can be found [6, 19, 22–24]:
hee =
1√
2v∆
(
m1c
2
12c
2
13 +m2s
2
12c
2
13e
iφ1 +m3s
2
13e
−2iδeiφ2
)
,
heµ =
1√
2v∆
{
m1(−s12c23 − c12s23s13eiδ)c12c13
+m2(c12c23 − s12s23s13eiδ)s12c13eiφ1 +m3s23c13s13e−iδeiφ2
}
,
heτ =
1√
2v∆
{
m1(s12s23 − c12c23s13eiδ)c12c13
+m2(−c12s23 − s12c23s13eiδ)s12c13eiφ1 +m3c23c13s13e−iδeiφ2
}
,
hµµ =
1√
2v∆
{
m1(−s12c23 − c12s23s13eiδ)2 +m2(c12c23 − s12s23s13eiδ)2eiφ1 +m3s223c213eiφ2
}
,
hµτ =
1√
2v∆
{
m1(−s12c23 − c12s23s13eiδ)(s12s23 − c12c23s13eiδ)
+m2(c12c23 − s12s23s13eiδ)(−c12s23 − s12c23s13eiδ)eiφ1 +m3c23s23c213eiφ2
}
,
hττ =
1√
2v∆
{
m1(s12s23 − c12c23s13eiδ)2 +m2(−c12s23 − s12c23s13eiδ)2eiφ1 +m3c223c213eiφ2
}
.
(14)
From above equation, we can see that the couplings hij depend on the following nine pa-
rameters: the mass-squared differences ∆m221, ∆m
2
31, the mass of the lightest neutrino m0,
three mixing angles θ12, θ13, θ23, and three complex phases (δ, φ1, φ2).
Different neutrino oscillation experiments, such as the solar [25], atmospheric [26], accel-
erator [27], and reactor neutrinos [28], can be used to determine the mass-squared differences
(∆m221, ∆m
2
31) and the mixing angles (θ12, θ13, θ23). The preferred values are given in the
following:
∆m221 ≡ m22 −m21 ≃ 7.9× 10−5eV2 , |∆m231| ≡ |m23 −m21| ≃ 2.7× 10−3eV2 , (15)
sin2 2θ12 ≃ 0.86 , sin2 2θ23 ≃ 1 , sin2 2θ13 ≃ 0.089 .
8Since the sign of ∆m231 is unknown for now, there are two neutrino mass-hierarchy pat-
terns. One possibility is the normal hierarchy (NH), with ∆m231 > 0 where m1 < m2 < m3
and the other is the Inverted hierarchy (IH) with ∆m231 < 0 where m3 < m1 < m2[6].
It is very difficult, even impossible to some extent, to extract informations on majorana
phases solely from the neutrino oscillation experiments [6, 29]. Therefore, it is worthwhile to
consider other possibilities, such as the LFV processes in the context of HTM, to determine
the majorana phases.
As mentioned in Ref. [6, 8, 19], one can define four cases of the majorana phases as
follows: Case I (φ1 = 0, φ2 = 0); Case II (φ1 = 0, φ2 = π); Case III (φ1 = π, φ2 = 0);
Case IV (φ1 = π, φ2 = π). In this work we will study in detail the dependence of γγ → ℓiℓ¯j
in each case with the new values of θ13 given by Daya Bay[28], i.e, sin
22θ13 ≃ 0.089.
IV. NUMERICAL RESULTS AND DISCUSSIONS
The lepton flavor changing production processes γγ → ℓiℓ¯j, including the eµ, eτ and µτ ,
can be different in normal hierarchy case and inverted hierarchy case, respectively. We will
discuss such two possibilities with the choices of majorana phase from case-I to case-IV.
The relevant parameters in this process include the neutrino parameters, the scalar masses
and the scale parameter. The neutrino parameters are: ∆m221, ∆m
2
31, m0, θ12, θ13, θ23, and
δ, φ1, φ2. ∆m
2
21, ∆m
2
31. The parameters θ12, θ13, θ23, and δ take the values given by
experiments in Eq. (16) and we take δ = 0. Four different choices of φ1, φ2 (case-I to
case-IV) will be discussed in our study. The remaining m0, the lightest neutrino mass, is
quite small. The upper limit for the summation of all the neutrino masses [30] is given by∑
mν ≤ 0.28 eV (95% CL) assuming a flat ΛCDM cosmology. Thus we will take the mass
range of m0 to be 0 ≤ m0 ≤ 0.3 eV as an estimation..
It has been shown that the coupling constants hij, especially hee, heµ which are the
functions of the neutrino flavor parameters, should satisfy certain constraint, i.e. hee, heµ ∼
0, heτ , hτµ < 1 [6, 8, 10, 11, 31]. We will take into account such constraints in the results
we obtained.
Finally, the charge conjugate process γγ → ℓ¯iℓj production channel will also be included
in our numerical study.
9A. Normal Hierarchy
By simple estimations from the expressions of the hij(i, j = e, µ, τ), we can see that
their values have large hierarchy. So we can discuss the productions γγ → µe¯, τ e¯, and µτ¯
one by one in the four cases of φ1 and φ2.
1. γγ → µe¯
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Figure 2: The cross section σ of the LFV process γγ → µe¯ as a function of the neutrino mass m0
for Case I to Case IV with different scalar mass: mφ = 200, 500, 1000 GeV for
√
s = 500 GeV.
Figure 2 shows the cross sections of the γγ → µe¯, varying with respect to the lightest
neutrino mass m0, with different scalar mass mφ = 200, 500, 1000 GeV. From the figure,
we can see that the production rates increase with the increasing m0. When m0 is small,
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for example, less than 0.1 eV, the cross sections are less than 0.01 fb in most of parameter
space. But when m0 becomes large, the production rates may arrive at 2 fb in the optimum
region of case III. We can also see that the cross section is also affected by the scalar mass,
which may vary from 200 GeV to 1000 GeV. Such influence is however much more smaller
than that from m0. So in the latter discussion, we will take mφ = 200 GeV.
The center-of-mass dependence of the process γγ → µe¯ is displayed in figure 3, with
m0 = 0.25 eV and mφ = 200 GeV. From figure 3, we can see that the production can be
much larger when the
√
s is small. For example, when
√
s = 10 GeV, the production rate
can arrive at 260 fb in case III. But for larger center-of-mass energy, the cross sections will
become small. For example, the cross section arrives at 0.55 fb when
√
s = 500 GeV.
In Case I, II and IV, the cross sections are a bit smaller than that of Case III. In Case I
with φ1 = φ2 = 0, the cross section is at the order of the 10
−3 fb and quite small. But in
Case II and IV, the cross sections can arrive at tens of fb, though smaller than that of Case
III.
We can see in Figure 3 that the production rates of the process γγ → µe¯ decrease with the
increasing center-of-mass energy
√
s, which is reasonable since there is no s-channel charged
scalars contributions to the lepton flavor changing process and the large masses of the inner
line particles may suppress the production rates further. Similar behaviors are also shown
in some supersymmetric models [32, 34].
2. γγ → e¯τ and γγ → µ¯τ
Figure 4 and Figure 5 show the cross sections of the e¯τ and µ¯τ production in the γγ
collision, varying with respect to the lightest neutrino mass m0 and center-of-mass
√
s, with
the scalar mass mφ = 200 GeV for Case I, II, III and IV, respectively. We can see from them
that both production rates are almost in the same order as the process γγ → µe¯.
Figure 4 (a) and Figure 5 (a) show the m0 dependence of the cross sections of the two
processes γγ → e¯τ and γγ → µ¯τ . We can see that the production rates increase with the
increasing neutrino mass and decline with the raising center-of-mass energy of ILC.
Figure 4 (b) and Figure 5 (b) give the center-of-mass dependence of the cross sections of
the e¯τ and µ¯τ production, from which we can see that the behaviors are the same as those of
the process γγ → µe¯. Their production rates become smaller with increasing center-of-mass
11
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Figure 3: The cross section σ of the LFV process γγ → µe¯ as a function of the center-of-mass
√
s for Case I to Case IV, with the scalar mass mφ = 200 GeV and the minimal neutrino mass
m0 = 0.25 eV.
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Figure 4: The cross section σ of the LFV process γγ → τ e¯ and as a function of the minimal
neutrino mass m0 (a) (for E = 500 GeV) and the center-of-mass energy E (b) (for m0 = 0.25 eV)
from Case I to Case IV, with mφ = 200 GeV.
energy of the ILC.
We have seen from Figure 2, 4, 5 that the production rates of the lepton flavor changing
processes increase with increasing m0. This is justified since the flavor couplings are directly
connected to the neutrino masses. So these processes may provide a good environment to
detect the neutrino masses.
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Figure 5: Same as Figure 4, but for γγ → τ µ¯.
We can also see that the cross sections of the production processes e¯µ, e¯τ and µ¯τ are
almost in the same order with fixed center-of-mass energy of the ILC. For Case IV with
φ = π, φ = π and setting m0 = 0.25 eV and
√
s = 500 GeV, the corresponding rates are
0.22 fb, 0.264 fb and 0.47 fb, respectively.
B. the Inverted Neutrino Mass Hierarchy
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Figure 6: The LFV process γγ → µe¯ cross section σ in the case of the Inverted Neutrino Mass
Hierarchy as a function of the minimal neutrino mass m0 and the center-of-mass energy of ILC
from Case I to Case IV: with the scalar mass mφ = 200 GeV.
We also study the three productions in the inverted hierarchy case. The results can be
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found in the Figures 6, 7 and 8, from which we can see that the production rates are almost
the same as that in the normal hierarchy. So we will not discuss them in detail.
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Figure 7: Same as Figure 6, but for γγ → τ e¯.
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Figure 8: Same as Figure 6, but for γγ → τ µ¯.
C. heµ = hee ≈ 0 constraints
After the calculations of the cross sections for each of the four cases, we turn to the
constraints from the µ → 3e and µ → eγ [6, 8, 10, 11, 31] and find that the couplings heµ
and hee should be quite small. We take the limit heµ = hee ≈ 0 to see the differences in the
production rates. We will discuss how the constraint heµ = hee ≈ 0 can affect the production
rates with heτ , hµµ, hµτ , hττ being fixed by the assumptions in Case I to Case IV.
14
Figure 9 gives the cross sections of the γγ → eµ, eτ, µτ production rates from Case I to
Case IV, from which we can see that the production rates are different from those without
the constraints. To estimate the effects, we can compare the figure with Figures 2 (a), 4 (a)
and Figure 5 (a), We find that the rates with the constraints heµ = hee ≈ 0 are about one
order lower than those without the constraints. This is reasonable because the constraints
heµ = hee ≈ 0 switch off the contributions from the Yukawa couplings heµ and hee.
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Figure 9: The cross section σ of the LFV process γγ → eµ, τ e¯ and τ µ¯ as a function of the neutrino
mass m0 from Case I to Case IV, for the scalar mass mφ = 200 GeV and
√
s = 200 GeV, with the
constraints heµ = hee ≈ 0.
Besides, to see the results clearer, we also show the cross sections with and without LFV
constraints heµ = hee ≈ 0 in Figure 10, from which, we can see that the production rates
are suppressed by the constraints.
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Figure 10: Same as Figure 9, but compare the results with and without the constraints heµ =
hee ≈ 0 in the same plots.
D. Scan φ1 and φ2 from −π to π
Since the φ1 and φ2 can affect greatly the relevant results, which can be seen from the
four cases we have discussed in Figures 2, 3, 4, 5 and 9, we will scan the φ1 and φ2 from −π
to π and see the allowed range of φ1 and φ2 with the constraints heµ = hee ≈ 0. This can
be studied in both the normal hierarchy and inverted hierarchy. We summarize the results
in Table I.
From Table I, we can see that the smallest cross sections for the LFV processes are quite
small, especially when m0 is smaller than 0.1 eV and the values are less than 10
−3 fb. From
the scan, we can see that the smallest result for γγ → µe¯ in the normal hierarchy is 0.00098
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fb, but most of the cross sections are larger than 0.1 fb and can even reach 1 fb in certain
regions of the parameter space. So in much of the allowed parameter space, the cross sections
are large. Besides, the allowed parameter space is not small.
m0 Normal Hierarchy Inverted Hierarchy
(eV) µe¯ τ e¯ τ µ¯ µe¯ τ e¯ τ µ¯
0.25 (0.001,6.30) (0.0008,1.53) (0.002,3.66) (0.000013,1.38) (0.0003,0.44) (0.002,1.83)
0.15 (0,0.186) (0.000001,0.06) (0.00006,0.53) (0.000004,0.20) (0.000003,0.04) (0.002,0.53)
0.05 (0,0.004) (0,0.002) (0.00002,0.014) (0.000001,0.0056) (0.000002,0.002) (0.00004,0.014)
0.00 (0,0.0002) (0,0.000) (0,0.0017) (0,0.0003) (0,0.0002) (0.00004,0.002)
Table I: Varying −π < φ1, φ2 < π, approximate allowed ranges of the cross sections of γγ → lilj
(i, j = e, µ, τ) for several values of m0 are shown. Other parameters are the same as in Figure 2.
We take the normal and the inverted neutrino mass hierarchy and the energy of ILC at 200 GeV.
The cross section are in the unit of fb and those too small are labeled as 0.
E. the SM Backgrounds of the γγ → ℓiℓ¯j
With the following kinematical cuts [32]: | cos θe| < 0.9 and peT > 20 GeV, the main SM
backgrounds for the process γγ → τ e¯ are γγ → τ+τ− → τνeν¯τ e¯, γγ → W+W− → τντνee¯
and γγ → τ e¯ντνe which are suppressed to be 9.7 × 10−4 fb, 1.0 × 10−1 fb and 2.4 × 10−2
fb [32], respectively. Given 3.45× 102 fb−1 integrated luminosity of the photon collision[33],
the production rates of γγ → µe¯, τ e¯, τ µ¯ must be larger than 2.5 × 10−2 fb to get the 3σ
observing significance [32, 34].
We see from above Figures 4 and 7 that under the current bounds that heµ ∼ hee ∼ 0
[6, 8, 10, 11, 31] when the lightest neutrino mass is not too small, e.g, m0 ≥ 0.1 eV, the LFV
process γγ → τ e¯ is large enough to enhance the production rate to 3σ sensitivity and may
be probed in the future ILC collider.
Unlike the process ℓiℓ¯j production in supersymmetry[32, 34], the littlest Higgs with T-
Parity[35] and TC2 models[36], the cross section of the γγ → µe¯ is not definitely smaller
than those of γγ → τµ¯, τ e¯, though the constraints from µ → eγ and µ → 3e give a quite
small hee, heµ. Because in the e− u transition, even if we restrict the hee, heµ coupling to 0,
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the other unsuppressed couplings hτe, hτµ, hττ and hµµ, induced by all the three generations
of the leptons which can enter the loop and contribute, could be large. Just as shown in
Figure 1, the leptons ℓk or νk (k = 1, 2, 3) in the loop can make the couplings arbitrary
unless some constraints are put on them.
For τµ¯ and µe¯ production in the photon photon collision, from Figures 2, 3, and 6, we
can see that their cross sections are almost the same and a bit larger than that of the τe
production. The SM backgrounds of them are the same if we neglect the mass difference
of the final lepton masses. So we can conclude that detection of the τµ and µe production
may be advantageous than that of the τe.
F. Comparison of the predictions of different models
In this section, we first briefly recapitulate the sources of lepton flavor violating transitions
in different models and then compare the typical magnitudes of various LFV processes in
the γγ collision predicted by different models.
It is well known that in the SM the LFV transitions are absent at tree-level by the lepton
number conservation. The source of such LFV transitions in the extensions of the SM is
the non-diagonality of the MNS matrix. These non-diagonal elements can be large and may
induce visible processes.
As the simplest extension of the SM, the HTM may naturally have LFV mediated by the
Higgs bosons at tree-level. In a popular realization of HTM, the Higgs doublet is responsible
for the electroweak symmetry breaking as well as generating the fermion masses while the
triplet has LFV couplings whose strength are usually parameterized by hij which is shown
in Eq. (14).
In the R-parity conservation MSSM [37], the neutrino masses can be obtained by intro-
ducing right-handed neutrinos and the non-diagonal elements of the mass matrix give the
LFV transitions like ℓi → ℓj , i 6= j, ℓ = e, µ, τ which are induced by lepton-slepton-gaugino
vertex through the diagnoliazation matrix ULij [37] (or sneutrino mixing).
In the R-parity violating MSSM models [38], the lepton flavor changing (LFC) couplings
are provided by the L-violating coupling, with L the lepton number, and the bounds of the
LFC couplings λ and λ′ are given in TABLE I of the Ref. [34], from which we can see the
λ and λ′ are constrained to be less than 10−2.
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In the littlest Higgs model with T-parity (LHT) [39], the interaction between the mirror
lepton and the SM lepton, such as l¯H lZH(AH) and ν¯H lWH , can induce LFV interactions at
loop level, that is, the new T-odd gauge bosons ZH , AH , WH can realize the transformation
between different lepton in the loop level.
One of the dynamic EWSB models, the topcolor-assisted technicolor (TC2) model[40],
is quite different from the other models. To tilt the chiral condensation in the tt¯ direction
and forbid the formation of a bb¯ condensation, a non-universal extended U(1) gauge group
is needed in all TC2 models. Therefore, the existence of the extra U(1) gauge bosons Z ′ is
predicted and such new particle treats the third generation quarks and leptons differently
from those in the first and second generations. That is, it couples preferentially to the
third generation fermions. After the mass diagonalization from the flavor eigenbasis into the
mass eigenbasis, such new particle can lead to tree-level quark and lepton flavor changing
couplings.
We conclude from Table II that, the γγ collision is the better channel in enhancing the
magnitude for the ℓiℓj (i 6= j) associated productions at the ILC, and the models listed
there give sizable cross sections. We can also see that, though the TC2 models generally
predicts much larger LFV transitions than any other models, all these models can give large
contributions and may be probed at the ILC. So even if we find some signal of the LFV
processes, we also need to distinguish between these various new physics models.
As discussed in the former sections, motivated by the fact that any process that is for-
bidden or strongly suppressed in the SM constitutes a natural laboratory to search for new
physics effects, the LFV processes are of particular interests for us. It turns out that they
may have large cross sections, much larger than the SM ones, for certain models such as the
MSSM, TC2 models and the HTM models. We can see from Table II that the HTM model
predicts LFV transition rates comparable to other new physics models predictions.
V. CONCLUSION
We have performed an analysis for the scalar-induced LFV productions of ℓiℓj (i 6= j)
via γγ collision at the ILC. We find that in the optimum part of the parameter space, the
production rate of γγ → ℓiℓj (i 6= j) can reach 1 fb. This means that we may have 100
events each year for the designed luminosity of 100 fb−1/year at the ILC. Since the SM
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R-conversation MSSM R-violating MSSM TC2 LHT HTM
σ(γγ → τ µ¯) O(10−2) [32] O(10−2) [34] O(1) [36] O(1) [35] O(10−1) fb
σ(γγ → τ e¯) O(10−1) [32] O(< 10−1) [34] O(1)[36] O(10−1)[35] O(10−1) fb
σ(γγ → µe¯) O(10−3) [32] O(< 10−3) [34] O(10−3)[36] O(10−1) [35] O(10−1) fb
Table II: Theoretical predictions for the ℓiℓ¯j (i 6= j) productions at γγ collision at the ILC. The
predictions beyond SM are the optimum values. The collider energy is 500 GeV.
predictions of the production rates are completely negligible, observation of such ℓiℓj events
would be a possible evidence of the HTM models. Therefore, these LFV processes may
serve as a sensitive probe of this kind of new physics models. Since the LFV couplings
are closely related to the neutrino masses, we may obtain interesting information for the
neutrino masses from them if we could see any signature of the LFV processes. At the same
time, we compare the results of HTM with other new physics models and find that most
predictions of these models can also be observed. So if we want to distinguish between these
models through possible signals, further works are necessary.
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